The strength of an excitatory synapse depends on both the presynaptic release probability (p r) and the abundance of functional postsynaptic AMPA receptors. How these parameters are related or balanced at a single synapse remains unknown. By taking advantage of live fluorescence imaging in cultured hippocampal neurons where individual synapses are readily resolved, we estimate p r by labeling presynaptic vesicles with a styryl dye, FM1-43, while concurrently measuring postsynaptic AMPA receptor abundance at the same synapse by immunolabeling surface GluR2. We find no appreciable correlation between pr and the level of surface synaptic GluR2 under basal condition, and blocking basal neural activity has no effect on the observed lack of correlation. However, elevating network activity drives their correlation, which accompanies a decrease in mean GluR2 level. These findings provide the direct evidence that the coordination of pre-and postsynaptic parameters of synaptic strength is not intrinsically fixed but that the balance is tuned by synaptic use at individual synapses.
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hippocampal culture ͉ synaptic strength ͉ FM1-43 ͉ neurotransmitter release ͉ glutamate receptor I n the classical Katz model of synaptic transmission, the weight of each synapse is determined by p r and quantal size (q), as p r ϫ q (1, 2) . Because q is largely governed by postsynaptic receptors, synapses have to regulate both pre-and postsynaptic mechanisms to control the overall synaptic strength. Across a population of synapses, p r (3) and postsynaptic receptor level (4) are highly heterogeneous. Therefore, it is of fundamental importance to identify how the relationship between pre-and postsynaptic strengths at individual synapses is organized. For instance, the balance between the two could be compensative, synergistic, or random. Amongst a synapse population, compensative balance would result in relatively uniform synaptic strengths. In contrast, synergistic balance would result in a biased or skewed distribution of synaptic strengths. Thus, the manner in which preand postsynaptic strengths are balanced might influence dendritic processing and operation of neural networks.
Previous studies on synaptic structure and physiology suggest for a positive correlation between p r and postsynaptic surface AMPA receptor level. For example, the number of AMPA receptors is correlated to postsynaptic density (PSD) size (5, 6) , which, in turn, is matched to the presynaptic active zone length (7) . Also, a larger presynaptic active zone supports a larger pool of readily releasable synaptic vesicles, resulting in higher p r (8, 9) . In further support of the view that p r and postsynaptic surface AMPA receptor abundance are correlated, overexpression of postsynaptic proteins such as PSD-95, Shank, or GluR2 enhances AMPA receptor clustering and increases spine size, and these postsynaptic changes are, in turn, accompanied by enhanced presynaptic release (10) (11) (12) . Nevertheless, beyond these reports, no studies to date have directly addressed how p r and postsynaptic AMPA receptor level are related to each other for governing basal synaptic strength.
Here, we address this issue in cultured hippocampal neurons by using live-imaging to determine p r and postsynaptic surface GluR2 abundance at individual synapses. We find no apparent correlation between p r and receptor abundance in either positive or negative way under normal culture condition. However, a positive correlation emerges after imposing enhanced neural network activity. These data indicate that the coordination between pre-and postsynaptic strengths is not intrinsically fixed, but that the balance can be regulated by neural activity at individual synapses.
Results

Estimation of pr.
To estimate p r at identified individual synapses, we took advantage of the styryl dye, FM1-43 to label recycling synaptic vesicles (3, 13, 14) . Recurrent excitation during dye loading stimulation was prevented by including glutamate receptor antagonists, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 2-amino-5-phosphonovaleric acid (APV) in bath solution. Two FM1-43 fluorescence parameters were obtained: (i) quantal FM1-43 fluorescence intensity associated with a single synaptic vesicle, q (in arbitrary fluorescence units), and (ii) FM1-43 fluorescence gained at an individual synapse, F, on stimulation with 30 action potentials (APs) at 1 Hz; p r was then expressed as the number of synaptic vesicles labeled per AP, where p r ϭ F/q/30. To estimate q by optical quantal analysis, neurons were stimulated with 7 APs at 0.5 Hz (Fig. 1A ). Fig. 1B shows an example of FM1-43 fluorescence image after such minimal loading. The distribution of signal intensity of FM1-43 puncta was plotted and fitted to a sum of Gaussian distributions with even spacing, in which the fluorescence corresponding to the first peak was taken as the value of q (Fig. 1C) . We estimated quantal FM1-43 fluorescence intensity each time when we performed FM1-43 measurements of F by using the same experimental setting including solutions and culture batch. On average, q was 593 Ϯ 18 (mean Ϯ SEM, n ϭ 12), and there was no significant difference in q values between neurons cultured at 14-15 days in vitro (DIV) (611 Ϯ 20, n ϭ 7) and 20-22 DIV (572 Ϯ 34, n ϭ 5; P ϭ 0.13, Mann-Whitney U test), the two culture ages we used. The distribution of p r obtained by this method was comparable to previous reports [supporting information (SI) Fig. S1 Fig. 2 A and B) . As reported previously (17) , p r and spontaneous event frequency were positively correlated (Spearman rank correlation, r ϭ 0.65, P Ͻ 0.0001; Fig.  2C ), confirming that high p r synapses show more frequent spontaneous release events. However, the average spontaneous release event constituted a small proportion of the evoked release (7.4 Ϯ 1.5%; Fig. 2D ), and majority of synapses (77 out of 107) displayed no spontaneous release events during the FM1-43 loading period. Therefore, spontaneous release has negligible or very minor impact on our estimation of p r .
Preferential Expression of GluR2 in Spiny Neurons.
To quantify the abundance of surface AMPA receptors at the synapse, we monitored GluR2, the predominant AMPA receptor subunit at mature synapses in hippocampal cultures (18) . We reasoned that, in contrast to the GluR1 subunit that forms Ca 2ϩ -permeable AMPA receptors and whose surface expression is highly regulated by activity in hippocampal neurons, GluR2 surface levels might more closely represent constitutive postsynaptic strength (19, 20) . Surface GluR2 was live-labeled by using an antibody against the extracellular epitope of GluR2 (21); previous reports had indicated that antibodies could penetrate the native synaptic cleft (22, 23) . The GluR2 labeling showed clear, discrete fluorescence puncta that colocalized with an excitatory postsynaptic marker, PSD-95 (Fig. S2E) . We noticed that some neurons did not express detectable level of GluR2. To characterize these neurons, we randomly expressed CFP to correlate neuronal morphology with GluR2 labeling. We found that almost all GluR2-expressing neurons were spiny (10 out of 10 cells; Fig. S2  A and B) , whereas GluR2-lacking neurons were either spiny or aspiny (four spiny and three aspiny out of seven cells; Fig. S2 C  and D) . In contrast, GluR1 was expressed in most neurons (data not shown). Because the principal pyramidal neurons are spiny, whereas most interneurons are aspiny in the hippocampus, by examining GluR2 expression we have limited our study to putative pyramidal neurons.
Concurrent Estimation of pr and Surface GluR2
Level at Single Synapses. We next combined p r estimation by using FM1-43 with live-labeling of surface GluR2. Living cultured neurons were incubated with anti-GluR2 antibody for 15 min, followed by Alexa594-conjugated secondary antibody for a further 15 min. Neurons were then subjected to FM1-43 labeling protocol (30 AP at 1 Hz), as described above to load recycling vesicles. Fig.  3A shows an example overlay image of FM1-43 and GluR2 signals. For the analysis we chose all pairs of overlapping FM1-43 and GluR2 puncta that were well isolated from others ( Fig. 3 B  and C) , and the relationship between p r and GluR2 level was examined by scatter plots (Fig. 3 D-G) . At 14-15 DIV, after a period of robust synaptogenesis when synapses were fully functional, we did not find any apparent correlation between the two parameters ( Fig. 3 D and F) . To test if such a lack of correlation reflected some aspect of developmental immaturity, we examined the relationship in older cultures at 20-22 DIV. We again did not see an obvious correlation between p r and postsynaptic GluR2 level (Fig. 3 E and G) . These data suggest that under normal culture condition, pre-and postsynaptic strengths are not coordinated, despite the presence of spontaneous activity that triggers synaptic communication between pre-and postsynaptic terminals.
Enhancing Neural Excitability Increases the Correlation Between pr
and Postsynaptic GluR2 Level. Our finding that p r and postsynaptic receptor abundance were not correlated under basal condition raised a possibility that the balance between the two could be regulated by changes in network activity. To examine this point, we tested the effect of elevating activity by increasing the extracellular KCl concentration by 5 mM while blocking inhibitory inputs with 10 M bicuculline, a GABA A receptor antagonist. After enhanced activity treatment for 2 days (48 to 54 h), p r and GluR2 level were correlated in both 14-15 DIV and 20-22 DIV neurons (Fig. 4 A and B) . Comparison with control nontreated cultures indicated that the correlation was attributable to the preferential down-regulation of GluR2 at low p r synapses. Whereas the KCl/bicuculline treatment did not measurably alter the distribution of p r , the overall surface GluR2 level was decreased (Fig. 4 C-F and Fig. S3 ), which was consistent with synaptic scaling of AMPA receptors as reported previously (24) . The lack of an apparent change in p r is likely due to the mild activity-enhancing condition used in the present study (25) . These data suggest that an increase in network activity and the resulting increased synaptic usage promotes the coordination of p r and postsynaptic GluR2 level. The correlation increased to similar extents in both 14-15 DIV and 20-22 DIV cultures. Therefore, coordination of pre-and postsynaptic strengths likely occurs by modulating existing synapses rather than involving synapse formation, because younger cultures with a higher capacity for synapse formation does not show a preferential increase in correlation.
Effect of Activity Blockade on the Relationship Between pr and
Postsynaptic GluR2 Level. Whereas enhanced activity drove the coordination of pre-and postsynaptic strengths, we did not observe an appreciable correlation under basal condition when neurons showed spontaneous spiking. To examine the contribution, if any, of basal spontaneous excitatory activity in matching of p r and GluR2 abundance, we treated neurons with 10 M CNQX and 50 M APV for 2 days before FM1-43 and GluR2 imaging. After complete blockade of excitatory transmission, p r was significantly increased (Fig. 5 C and D and Fig. S3 ), as previously reported (26) . However, the relationship between p r and GluR2 level remained uncorrelated at both 14-15 DIV and 20-22 DIV (Fig. 5 A and B) . We also examined the effect of tetrodotoxin (TTX), a sodium channel blocker, to inhibit spontaneous spikes. Again, the relationship between p r and GluR2 level was not significantly altered after 2 days of activity suppression ( Fig. S3 and Fig. S4 ). Therefore, it is unlikely that an intrinsic, activity-independent mechanism coordinates p r and surface GluR2 level.
Discussion
Synaptic strength is governed by both p r and the number of functional postsynaptic receptors. It has not been easy to quantify both parameters at the level of single synapses. Whereas electrophysiology offers high sensitivity and great temporal resolution, recording evoked synaptic responses from a single bouton containing a single release site is technically challenging. Electron microscopy is another possible technique, although it is very laborious to concurrently measure p r (e.g., by FM1-43 photoconversion) and postsynaptic receptor abundance (e.g., by immuno-gold labeling) from large population of synapses. To overcome these difficulties, we combined two fluorescence live-imaging techniques: measurements of p r , by using FM1-43 (3, 13, 14) , and live-labeling of postsynaptic surface GluR2 receptors (20, 21) . We found that p r and postsynaptic surface GluR2 abundance are not appreciably correlated under basal culture condition. However, enhancing activity by raising extracellular K ϩ and silencing GABAergic inputs resulted in their correlation. Our data provides the direct evidence that p r and postsynaptic AMPAR abundance are not necessarily correlated by an intrinsic mechanism as synaptic contacts are formed, but neural activity drives their correlation at single synapses.
FM1-43 is a useful tool to study synaptic vesicle recycling (27, 28) , enabling the tracking of single synaptic vesicle dynamics (3, 
13, 14
arise from the dependence on an indirect, compensatory endocytosis for FM1-43 loading of vesicles, and the relatively high background fluorescence attributable to the lipophilic nature of the styryl dye. Our method was sufficiently sensitive for detecting variable p r on altering extracellular Ca 2ϩ , at least approximately a two-fold range. This range was narrower than that predicted by previous studies of Ca 2ϩ -dependence of neurotransmitter release examined by whole-cell patch clamp recordings in cultured hippocampal neurons (29, 30) , and thus, our ability to detect very low p r synapses with low signal-to-noise may have been compromised. Nevertheless, activity-induced correlation between p r and GluR2 abundance occurred by the preferential loss of GluR2 at low p r synapses. This observation suggested that low p r synapses as identified by our measure were not inherently noisy and did not necessarily mask the possible correlation under control conditions. The contribution from spontaneously recycling synaptic vesicles that could bias the measurements of p r was also minimal under our experimental conditions.
Another technique we used was live-labeling of surface GluR2 receptors. We reasoned that GluR2 might be a suitable indicator of postsynaptic strength, because excitatory synaptic currents in glutamatergic hippocampal neurons are primarily mediated by GluR2-containing AMPA receptors, whereas GluR2-lacking AMPA receptors are suggested to be recruited transiently in the process of postsynaptic plasticity (19, 20) . As an added advantage, selecting GluR2-positive neurons that were mostly spiny, a feature shared by most pyramidal neurons in hippocampal CA3 to CA1 regions, allowed sampling of data from a relatively uniform population of neurons rather than from mixed neuronal types present in the culture. During the 30-min incubation with the primary and secondary antibodies, certain amount of GluR2 may undergo endocytosis (31) or lateral diffusion to nonsynaptic sites (32) , thereby escaping their detection at the synaptic surface. Thus, our estimate of the receptor abundance is likely to provide a lower limit, although the turnover of basal AMPA receptors is slow, with Ͻ10% of the receptors being endocytosed in 10 min. Additional source of error in the GluR2 measurements concerns the accessibility of the antibody for synaptic GluR2. Whereas the synaptic cleft (Ϸ20 nm) is of comparable size to the IgG (Ϸ15 nm in the maximum dimension), antibodies have been shown to penetrate the synaptic cleft in live preparations (22, 23) . Also, a recent in vivo study has suggested that synaptic cleft sizes can be at least two fold wider than the previous estimates based on ultrastructural analysis of fixed tissue (33) . Whereas synaptic junctions may appear stable, their adhesive state could be dynamic in living neurons (34, 35) , permitting the passage of IgG, which has flexible hinge regions. Importantly, GluR2 labeling colocalized with PSD-95 signals, and showed clear, distinct punctae that neatly apposed the presynaptic FM1-43 signal. Thus, most extracellularly labeled GluR2 signals represented synaptic receptors, thereby validating our method for assessing postsynaptic GluR2 level.
Our finding of a lack of correlation between p r and the GluR2 abundance was somewhat unexpected. Previous observations have led to the popular assumption that p r and postsynaptic potency are matched (see above), such that high p r synapses have a higher number of receptors compared with low p r synapses. Whereas these studies may have involved synapses that have already experienced substantial activity, a condition we have found to enhance the correlation, our overall findings are in agreement with other previous reports suggesting that p r may not necessarily correlate with postsynaptic receptor number. For example, BDNF increases active zone size but not quantal amplitude (36) , showing the dissociation between regulation of active zone size and functional synaptic AMPA receptor abundance. Mismatch of active zone size and PSD size can also occur in vivo, as seen on conditional ablation of delta2 glutamate receptor gene in the adult mouse cerebellum (37) . Therefore, the relationship between active zone and PSD size or AMPA receptor abundance are not always stereotypically fixed and there are mechanisms that differentially set these parameters.
Neural activity can modulate the structure and function of both the pre-and the postsynaptic terminals in many ways. Here, we find that the enhancement of network activity drives the coordination of pre-and postsynaptic strengths, resulting in emergence of their correlation. Candidate underlying mechanism could involve synaptic adhesion proteins that link the preand postsynaptic terminals and organize presynaptic vesicle clusters (38) and postsynaptic AMPA receptors (39, 40) in an activity-dependent manner (38, 39) . Notably, a postsynaptic complex of neuroligin, the binding partner of presynaptic neurexin, and PSD-95, a postsynaptic scaffold protein, can retrogradely regulate p r (41) . Therefore, adhesion protein complexes display features expected of a machinery that fine-tunes the balance of pre-and postsynaptic strengths according to the level of activity that the synapse experiences. Interestingly, when the correlation between pre-and postsynaptic strengths was promoted by activity enhancement, the mean GluR2 abundance was reduced but the mean p r was not significantly changed in the present experimental condition. This observation may perhaps imply that the modification of postsynaptic strength is more responsive in such activity-dependent coordination of pre-and postsynapse.
We found that spontaneous activity in the basal culture condition was not sufficient to drive the pre-and postsynaptic correlation. This result may be because spontaneous activity was not sufficiently strong or patterned, at least in our dissociated cultures. It would be of interest to examine how such coordination is organized in vivo, where physiological spontaneous activity shapes the pattern of synaptic connections during development. Our data show that low p r synapses are most affected by the increased activity, where their GluR2 level is reduced. Such a change may share mechanisms with activity-dependent pruning or elimination of excess synapses that occur in developing neurons.
Methods
Cell Culture. Dissociated cultures of hippocampal CA1-CA3 neurons were prepared from P0 rats as described previously with minor modifications (16, 28) . In some experiments, cells were treated with TTX (1 M), CNQX (10 M) ϩ APV (50 M), or KCl (5 mM) ϩ bicuculline (10 M) for 2 days before FM1-43 experiments. Neurons were used for experiments at 14 -15 and at 20 -22 DIV. Animal care and use were approved by the U.K. Home Office. For details, see SI Methods.
Live-Labeling of GluR2. Neurons were first labeled with 5 g/ml anti-GluR2 monoclonal antibody (MAB397, Chemicon) in culture medium for 15 min. After a brief wash, secondary labeling with 5 g/ml Alexa594-conjugated anti-mouse IgG antibody (Invitrogen) was for an additional 15 min in culture medium. Coverslips were then immediately used for FM1-43 experiments. For details, see SI Methods.
FM1-43 Experiment. Basic set up for FM1-43 experiments was as described previously (28) . Neurons were loaded with FM1-43 (10 M, Invitrogen) by 7 or 30 APs evoked by 2 ms, 20 V square pulses; 30 s after the end of stimulation, excess dye was washed with EBS containing 1 mM Advasep-7 (Biotium) for 1 min, then with EBS with 0.1 mM Ca 2ϩ for 5 to 10 min. After replacing with normal EBS (2 mM Ca 2ϩ ), images were acquired before and after unloading stimulation by 600 APs at 20 Hz for three rounds with 15-s intervals. The remaining signals were taken as background. For details, see SI Methods.
Image Analysis. Images were analyzed with NIH ImageJ. To quantify FM1-43 fluorescence, background signals were subtracted, and total fluorescence intensities of each puncta were measured. Fitting of FM1-43 signal to sum of three or five Gaussian distributions with even spacing was performed by Igor
